In the present study, we examined language and memory skills in children with SSC relative to demographically similar, unaffected controls, using a broad, standardized battery of clinician-administered tests, as well as parent and teacher report measures. The study builds on previously published work from this cohort when the subjects were infants, and on a recent paper showing modest differences between children with SSC and unaffected controls on measures of global intelligence and academic achievement at elementary school age. 43 We hypothesized that children with SSC would score lower than unaffected children on measures of language and memory. Based on previous studies showing subgroup differences among cases, 9, 43 we also explored differences as a function of suture fusion location. In secondary analyses, we examined the effects of early interventions (e.g., speech and language therapy, special education services) on case-control differences, and whether findings were altered when accounting for possible attrition bias and the exclusion of cases with known or probable genetic mutations.
methods study design
Data are derived from our fourth evaluation of children with SSC (cases) and a comparison group of unaffected children (controls) who were part of a multisite longitudinal study of neurobehavioral development (see Starr et al. 45 for details regarding study design and recruitment). Participants were initially enrolled between January 2002 and December 2006, prior to cranioplasty surgery for the case participants. Approximately 90% of the children were 7 years of age and in first or second grade at the time of the current evaluation.
Cases
Patients were referred to this study by their surgeon or pediatrician at the time of diagnosis and prior to surgical intervention. Study sites included Seattle Children's Hospital (Washington); Northwestern University, enrolling children through Children's Memorial Hospital (Illinois), and, after January 2006, Children's Hospital of Philadelphia (Pennsylvania); Children's Health Care of Atlanta (Georgia); and St. Louis Children's Hospital (Missouri).
Eligible infants included those who 1) had isolated sagittal, metopic, unilateral coronal, or unilateral lambdoid craniosynostosis; 2) had yet to undergo cranial vault surgery; and 3) were ≤ 30 months of age at the time of recruitment. Premature infants (< 34 weeks); infants with a major medical or neurological condition (e.g., cardiac defects, cerebral palsy, etc.); and infants with more than 3 extracranial minor malformations 30 or any other major malformation were excluded. For patients for whom parents gave consent, we collected biospecimens and analyzed genetic data by array comparative genomic hybridization (CGH) and candidate and gene resequencing (for details see Cunningham et al. 14 ). Children with SSC who had a genetic variant (including a known or probable causal mutation for craniosynostosis) were eligible if they had no phenotypic features of a known syndrome and otherwise met all inclusion criteria.
We enrolled 270 cases (84% of those eligible), 4 of which were later found to be ineligible. Among the 266 infants seen at baseline, 182 children (68%) had a schoolage study visit and at least 1 valid outcome score among the measures described below. Mean age at surgery was 9.1 months. Most children underwent surgery by age 12 months (80%) and almost all children by 24 months (98%). Three patients with metopic SSC had not undergone cranioplasty by age 7 years and were excluded from the current analyses. Results of genetic testing were available for 173 of 179 cases participating in the school age evaluation.
Controls
Infants were eligible as controls if they had no known craniofacial anomaly and met none of the exclusion criteria for cases. Controls were recruited through pediatric practices, birthing centers, and announcements in publications of interest to parents of newborns. Controls were frequency-matched to cases on potential demographic confounders, including child age at enrollment and sex, family socioeconomic status (SES; assessed via the Hollingshead Index 21 ), and race/ethnicity. Among the 257 controls seen at baseline, 183 (71%) were assessed at the school age visit and had at least 1 valid outcome score.
measures

Wechsler Intelligence Scale for Children-IV
The Vocabulary and Similarities subtests from the Wechsler Intelligence Scale for Children-IV (WISC-IV) 50 Verbal Comprehension Index were used to assess word knowledge and verbal reasoning. Based on these scores, a composite prorated standard score was generated using the WISC-IV scoring software. The Verbal Comprehension Index has a norm-referenced mean of 100 and SD of 15.
Children's Memory Scale
Two subtests from the Children's Memory Scale (CMS), 11 Stories and Word Lists, were administered to assess immediate, delayed, and delayed recognition memory. For the Stories subtest, children are asked to repeat a story verbatim and receive credit for story elements remembered and story themes articulated. For the Word Lists subtest, children are asked to remember a list of 14 unre-lated words over 5 trials. After each trial, the words missed on the previous trial are repeated, and the child is asked to recall the entire list. A learning score is calculated based on the child's progress in learning the list of words. Both subtests have a delayed recall component that assesses memory after a delay of 30-35 minutes. Following the delayed recall, children are given choices and asked to indicate if that information was presented previously (delayed recognition). For each subtest, scaled scores are generated with a norm-referenced mean of 10 and SD of 3.
NEPSY-II: A Developmental Neuropsychological Assessment
Verbal fluency was assessed by administering the NEPSY-II: A Developmental Neuropsychological Assessment (NEPSY-II) 25 Word Generation subtest. Children are asked to provide as many words within a category (semantic) or that begin with a specific letter (initial letter) as they are able within a specified time frame. Standardized scores with a mean of 10 and SD of 3 are generated separately for the semantic and initial letter subscales.
Token Test for Children, Second Edition
The Token Test for Children, Second Edition (Token Test-II) 33 assesses receptive language, sequential memory, syntax, and prepositional concepts. Children are asked to follow up to 46 commands of increasing difficulty. A single standardized score with a mean of 100 and SD of 15 is generated for this test.
Children's Communication Checklist-2
Parents and teachers completed the Children's Communication Checklist-2 (CCC-2), 7 a measure of children's communication skills that assesses a child's competence in using language based on syntax, morphology, semantics, and pragmatics of communication. The General Communication Composite score is a summary measure of a child's communication skills and has a mean standard score of 100 with an SD of 15. The Social Interaction Difference Index (SIDI) helps determine if a child has a pragmatic or language disorder. Children with low scores (less than −10) on the SIDI may show pragmatic deficits due to poor nonverbal communication, initiation skills, or social relatedness while children with high SIDI scores (greater than +10) are suspect for a language disorder. Absolute values of the SIDI were used in analyses to detect differences at either end of the scale.
Wonderlic Personnel Test
The Wonderlic Personnel Test (WPT) 51 is a timed, norm-referenced screening measure of general intelligence in adolescents and adults. The WPT has good reliability and correlates well with clinician-administered measures (e.g., the Wechsler scales). The WPT was administered to mothers of participating children, allowing us to control for maternal IQ in case versus control group comparisons.
Caregiver Interview
Primary caregivers completed a semistructured interview to collect information on child medical history, including diagnosis of hearing loss, speech and language delays, and learning problems. When relevant, we collected information on interventions that children received in the community, including early intervention services (e.g., speech and language therapy or hearing-impaired services), occupational or physical therapy, behavioral interventions, response to intervention services, or special education.
Procedures
We obtained informed consent for each enrolled subject following the protocols approved by the institutional review boards of each participating institution.
All testing sessions were video-recorded, and all test administrations were independently scored by a second psychometrist. Scoring errors were recorded, and disagreements between psychometrists were resolved by one of the psychologist investigators (K.K.S., B.R.C., or M.L.S.). Resolved scores were used for all analyses. Among all administrations of the measures reported here, 84% of the WISC-IV administrations were error free, as were 77% of CMS, 84% of the NEPSY-II, and 92% of the Token Test. All standardized tests demonstrated acceptable reliability and validity. 7, 11, 25, 33, 50, 51 A caregiver interview was used to update family demographic information and medical history and to provide information on interventions that the child was currently receiving or had received since their last assessment at age 3 (e.g., speech or language therapy). In keeping with ethical standards for the use of psychometric tests in research with minors, 27 parents were offered a written summary of their child's test results; they were encouraged to share this information with their child's pediatrician or teacher.
statistical analysis
The distributions of demographic characteristics and language, learning, and memory scores were calculated separately for cases and controls. Because approximately one-third of the children from the original study were lost to attrition, we also compared the demographic and neurodevelopmental characteristics of children seen at the school-age visit to those lost to follow-up.
Linear regression with robust standard errors was used to estimate differences in language, learning, and memory scores between cases and controls, with corresponding 95% confidence intervals. All analyses were adjusted for the child's age at assessment (in months, continuous), sex, family SES 21 (composite score, continuous), and maternal IQ (continuous, measured at baseline by the WPT). We used logistic regression with robust standard errors to compare the proportion of cases and controls reporting a current or prior history of speech or language therapy, hearing problems, hearing services, or a diagnosis of a language disorder. Because both negative and positive SIDI scores can indicate communication problems, SIDI scores were converted to absolute values for all analyses.
We also evaluated whether language, learning, and memory scores differed by the site of the affected suture (sagittal, metopic, unilateral coronal, and unilateral lambdoid synostosis) using linear regression with robust standard errors and with controls considered the referent cat-egory. Overall group differences were tested using Wald tests.
Several sensitivity analyses were performed. To explore the impact of selection bias due to study attrition, we repeated the primary analyses using inverse probability weighting. 40 This method places greater weight on observations from subjects seen at school age who are similar in terms of baseline characteristics to those of children lost to follow-up. Weights were estimated based on factors observed at baseline in all subjects, including date of birth, sex, race/ethnicity, prematurity (< 38 weeks' gestation, coded yes/no), case status, suture diagnosis, parents' marital status, maternal IQ, study site, and scores from the Bayley Scales of Infant Development-2 (Psychomotor Development Index [PDI]) and the Preschool Language Scale-3 (auditory comprehension) completed at baseline. 45 Finally, we repeated the primary analyses after excluding 19 children with SSC in whom known or probable causal mutations for craniosynostosis were detected through array comparative genomic hybridization and candidate and gene resequencing. 14 We used censored normal regression to account for the possible effects of interim intervention on subsequent scores. We accounted for a number of interventions that may influence language, learning, and memory skills, including early developmental therapy; participation in state/county programs that monitor infant development; language, vision, and hearing therapy; physical or occupational therapy; mental health services; and special education services. This approach assumes that the scores of children who received intervention services are "leftcensored." In other words, while it is unknown what the child's "true score" would have been without intervention, it is assumed to be at least as low as their observed scores with intervention.
All analyses were performed using Stata version 12 (StataCorp LP).
results
One hundred seventy-nine patients and 183 controls were seen at the early elementary school visit. Mean age at the time of the assessment for the patients was 7.5 years (range 6.9-9.5 years) and for controls was 7.4 years (range 7.0-11.1 years). Ninety-three percent of participants were in first or second grade. Children in both the case and control groups were predominantly male, identified as white or non-Hispanic ethnicity, and were of middle to upper SES (Hollingshead Categories I-II). 21 Maternal IQ was slightly lower in patients (mean 106.0, SD 13.6) than controls (mean 109.7, SD 12.7), but the difference was not statistically significant (Table 1) .
Thirty-one percent of patients and 29% of controls were lost to follow-up. Compared with children seen at school age, children who were lost to follow-up had lower Bayley PDI and maternal IQ scores at study baseline and were of lower SES (44% Hollingshead Categories III-V 21 vs 24% in participating subjects).
case-control differences
Language, learning, and memory scores were consistently lower in patients than controls, although adjusted case-control differences were modest in magnitude and ranged from 0.0 to -0.4 SD ( Table 2 ). The largest relative case-control differences were for the WISC-IV Verbal Comprehension Index and the CMS, where scores in children with SSC were -0.2 to -0.3 SDs lower than in children without SSC in 8 of 9 subtests (p values range 0.001-0.07). Case-control differences were similar in magnitude (-0.2 to -0.3 SD) for NEPSY-II Word Generation-Initial Letter and the CCC-2-Teacher General Communication Composite, but were less than -0.1 SD for the Token Test-II, the NEPSY-II Initial Letter, and Parent CCC-2. Forty-five patients (25%) and 36 controls (20%) reported prior or current speech or language therapy. After adjustment, patients were more likely than controls to undergo speech or language therapy, but these results may be due to chance (adjusted OR 1.42, 95% CI 0.85-2.38). Seven patients (4%) and 2 controls (1%) reported a history of hearing services, 13 patients (7%) and 5 controls (3%) reported a history of hearing problems, and 8 patients (4%) and 7 controls (4%) reported a diagnosis of a language disorder. Odds ratios were not estimated for these events due to their infrequency.
Eighty-two patients (46%) and 67 controls (37%) received 1 or more intervention services prior to school-age follow-up. Case deficits increased after accounting for interim intervention using censored normal regression, with adjusted group differences ranging from -0.1 to -0.5 SD (Table 3) .
Group differences were not materially changed in sensitivity analyses including adjustment using propensityscore matching, accounting for attrition using inverse probability weighting, or excluding 19 children with known or probable causal genetic mutations for craniosynostosis (data not shown).
analyses by diagnostic subgroup
Across all suture types (sagittal, metopic, unilateral coronal, and lambdoid synostosis), children with SSC consistently scored more poorly than children without SSC on most subtests of the CMS, NEPSY-II, and WISC-IV, although differences were modest and confidence intervals were wide ( Table 4 ). The magnitude of case-control differences was greatest in children with unilateral coronal compared with other suture groups (Table 5 ). Parents and teachers of children with sagittal synostosis provided more favorable general communication composite and SIDI scores than controls or children with other suture types. There was some evidence of overall differences in language, learning, and memory scores and parent and teacher scores by the site of the affected suture, in particular for the Stories-immediate and Stories-delayed subtests of the CMS and for WISC-IV verbal comprehension (p < 0.05 for group differences).
discussion
Given the mixed findings from previous studies, 4, 6, 9, 12, 13, 15, 23, 34, 41, 48 the primary aim of this investigation was to determine whether school-age children with SSC, all of whom underwent cranioplasty, have deficits in language and memory skills in relation to demographically similar children without a craniofacial disorder. Use of a control group for such comparisons is critical but has been rarely undertaken in previous research on this topic. The absence of a demographic control is substantially limiting, as SES is a strong predictor of language outcomes. For example, Fernald et al. 16 found that by age 5 years the language skills of children from lower socioeconomic backgrounds were delayed by approximately 2 years in comparison with more socially advantaged peers. Similarly we have previously reported sex differences on the neurocognitive measures used in this test battery, 13 with males in both the case and control groups scoring lower than females from both groups on most measures. Thus, failing to adjust for sex, SES, and other demographic confounding variables may yield misleading results and variation across studies, depending on the population sampled. A secondary aim was to investigate the possibility of differences in language and memory functions by suture location, an issue that has been infrequently addressed in previous studies.
On direct assessment using standardized tests, 77% of children with SSC and 89% of the controls in our sample obtained a Verbal Comprehension Index standard score of ≥ 90. In other words, the majority of children in both groups demonstrated verbal comprehension skills within the low average range or higher relative to test norms.
The average scores for children with SSC were lower than those of unaffected controls for every language and memory test administered, though differences were sometimes quite small. These findings were robust when adjusting for potential demographic and other confounding variables (e.g., maternal IQ) and possible attrition bias, and were magnified when adjusting for the effects of developmental interventions received. These findings are similar to those from our previous study on global cognitive functioning and academic skills reported by Speltz et al. 43 and measures of executive functioning and attention as reported by Collett et al. 12 As in the current study, group differences on measures of IQ and academic achievement were modest, though children with SSC scored lower than unaffected controls on every measure given. Tests of spelling and reading achievement yielded the smallest differences, with tests of Full-Scale IQ and math achievement indicating larger differences that were educationally important (e.g., patients underperformed in comparison with controls by about one-third of a standard deviation; differences on all measures increased after controlling for early intervention services received). 43 Collett et al. 12 also found that children with SSC scored lower than controls on most measures, though again the magnitude of these differences was small and, with the exception of inhibitory control, most differences were statistically insignificant.
In the present study, parent reports revealed the smallest differences in performance between the case and control participants. Parents of both groups reported very similar language skills as indicated by the general language composite score of the CCC-2, which was less than a half point lower for case than for control participants after adjusting for sociodemographic differences. Teacher-reported differences in performance were larger than parent-reported differences, but were still relatively small (SD 0.2). Teacher-reported differences were primarily related to slightly lower scores on the social relations, scripted language, nonverbal communication, and initiation subtests. It is unclear if these very subtle differences between case and control participants have any meaningful impact on the day-to-day functioning of the children, as the average SIDI is well within the expected range for both groups.
The differences in expressive and receptive language that we observed at age 3 years 45 persisted at age 7 years when direct assessment of child functioning rather than parent or teacher report was used as the measuring stick. Although mean scores were within the average range, children with SSC performed worse on both subtests of the WISC-IV measuring verbal comprehension (i.e., the ability to define words and the ability to identify similarities between words). Poorer performance among children with SSC was also seen on a task of semantic verbal fluency, a measure of language planning and processing.
We assessed verbal memory skills in several different ways. The 2 groups demonstrated equivalent performances on the Token Test-II, which measured the children's ability to follow commands of increasing difficulty immediately after hearing them. In contrast, children with SSC performed less well on verbal learning tasks and when asked to repeat a short story. Children with SSC were less efficient with new learning, remembered fewer facts from the stories, and were less skilled at identifying themes within the stories, suggesting that they were less able to integrate the information they heard. Verbal learning and story memory were poorer both immediately after presentation and after a short delay. Verbal memory did not differ between cases and controls when children were given choices about story facts. When examining differences in performance among children with different suture fusions, we found that children from each suture group obtained lower scores than control participants on each of the tests assessing language and memory for which significant case-control differences were present. The differences in performance were quite small when comparing children with sagittal, metopic, and unilateral lambdoid synostosis to control participants but meaningful for a number of measures comparing children with unilateral coronal synostosis to control participants. For example, compared with control participants, children with unilateral coronal synostosis had poorer verbal comprehension skills, lower scores on story memory and identification of story themes, and lower language scores based on their parents' and teachers' reports compared with control children. We have previously reported on differences in performance by suture group, identifying children with unilateral coronal and unilateral lambdoid synostosis as at greatest risk. 13, 43 A report by Chieffo et al. 9 is the only other study to date that has directly assessed and compared the performance of school-aged children with different suture involvement in the same study, although these authors only included children with sagittal and unilateral coronal synostosis. 9 Similar to our findings, Chieffo et al. 9 reported poorer verbal fluency and working memory for children with unilateral coronal synostosis compared with children with sagittal SSC and the control participants.
As this was an observational study, primarily designed to determine the relative outcomes of children with and without SSC, we did not make any attempt to influence treatment decisions or randomize subjects by age or type of surgery. Rather, we tracked children as they received care typical of the setting in which they were seen. As such, the study's design is limited in its ability to elucidate the mechanisms by which SSC or factors associated with SSC (e.g., surgery and anesthesia exposure 35 ) have led to the group differences observed here and elsewhere. 4, 6, 9, 13, 15, 23, 34, 41, 48 The etiology of the neurodevelopmental consequences and correlates of SSC remains unclear, with some hypotheses focusing on the effects of the fused suture on brain development [1] [2] [3] 47, 49 and others emphasizing preexisting neuropathology that may affect both brain and cranium. 5, 19 These studies provide some evidence that changes in brain morphology present prior to surgery persist after surgery. 2 There is also evidence that changes in auditory functioning, potentially related to later language and literacy development, 29, 37 are present prior to surgical intervention for infants with SSC. 19 Functional changes in brain circuitry known to be associated with language and number processing, memory retrieval, and reading have been identified in older children with sagittal SSC who underwent surgery as infants. 5 Further research examining brain morphology and function prior to and after cranioplasty is needed to clarify these issues.
Previous studies have proposed that variables related to surgery, including age at surgery, 24, 36, 39, 45 duration of anesthesia exposure, 35 and surgical approach used, 20 may affect outcomes. However, these results are mixed and warrant further investigation in prospective studies that account for the effects of multiple variables in combination. For example, if suture fusion leads to neurodevelopmental deficits via constriction on brain growth or increased intracranial pressure, earlier surgery should be advantageous. However, age at surgery is potentially confounded with numerous other variables that might be associated with development, such as family SES, initial severity, surgical approach used, and duration. For example, surgeries at younger ages may well provide optimal benefits in terms of earlier suture release, 20, 39 but less mature brains may be more susceptible to the neurotoxicity associated with anesthesia exposure. 38 In our own work, we have found little association between surgery age and neurodevelopmental outcomes measured both in infancy 45 and at school age 12 when controlling for potential confounding variables such as maternal IQ, SES, and involved suture. Work is currently under way in our lab to further disentangle these multiple and complex associations with neurodevelopmental outcomes. The current research has at least 2 limitations that are important to note. First, in keeping with good ethical practice, we provided parents of both patients and controls with feedback about their children's performance at each visit, which may have influenced the number of children from each group receiving special education services prior to the early elementary school evaluation. This may be especially true for control children, who would not otherwise have been screened for developmental delays. However, we used the same protocol for providing feedback to children in both groups, and our censored normal regression analyses suggest that, if anything, the differences between case and control performance would have increased without intervention. A second limitation is the relatively high sociodemographic profile of the participants, both those originally enrolled and more markedly for those who participated in the school-age assessment. Inverse probability weighting analysis, which used baseline data for available case and control participants to evaluate attrition bias, did not result in significantly different regression outcomes. However, while inverse probability weighting attempts to match for characteristics that influence outcomes such as maternal IQ, family SES, and ethnicity, it cannot control for the less tangible factors that influence a family's willingness to participate in up to 4 extensive evaluations. It is very possible that children from lower SES groups would demonstrate increased risk over those included in the current study.
This study also has several important strengths including the examination of learning, language, and memory skills through multiple, direct assessments as well as parent and teacher reports, and the comparison of children with SSC to unaffected control children with adjustment for potential confounders (e.g., maternal IQ, demographic characteristics). Although this is a "clinic-based" rather than a "population-based" study, we reassessed children who were identified in infancy regardless of whether they continued to be followed up by the craniofacial team or not; this increases the generalizability of our findings to a broader range of children with SSC. In addition, recruitment in early infancy minimizes enrollment bias associated with infants' developmental status (i.e., compared with older children with SSC who might be more likely to participate in research when there are developmental concerns). Finally, we employed sensitivity analyses to account for the possible effects of attrition bias and developmental interventions that participants received in their communities.
conclusions
Our data provide evidence of modest differences between cases and controls in language and memory consistent with those that have been reported in the literature for children with SSC. These small differences do not appear to be particularly apparent in the day-to-day functioning of children with SSC as reported by parents or teachers, with the possible exception of children with unilateral coronal synostosis. However, among a sizable subgroup of children with SSC, there is evidence of poorer functioning on direct assessment, particularly on tasks that require consolidation of learning and memory. These findings may have implications for increasing problems with school performance as these children mature. The children in this study are still young, age 7 years on average, and therefore continued maturation of the neural pathways that support language, learning, and memory development are expected. 10, 28 If there is a primary disruption in brain networks, as suggested by the preliminary work of Aldridge et al., [1] [2] [3] Beckett et al., 5 and Hashim et al., 19 or if anesthesia exposure affects brain development, 35, 38 problems with language and memory may become more apparent and have a greater effect on learning as children approach middle-and high-school age due to possible ongoing disruption of neural networks as they age.
Our findings have implications for the clinical management of children with SSC. Multidisciplinary care, including direct psychological/neuropsychological assessment, is indicated for children with SSC of elementary-school age, as problems with language and conceptual learning may not be evident until children face greater academic challenges. This recommendation is in keeping with that put forth in the recently developed craniosynostosis care guidelines. 32 The current study identifies children with unilateral coronal synostosis as having the greatest vul-nerability in the areas of language, memory, and learning; however, selective screening of children with all SSC diagnosis is indicated, as some children in each diagnostic group were at risk. Neurodevelopmental assessment at 18 months of age may help identify those children requiring closer follow-up through school age. 18 Finally, future research is needed to investigate language, memory, and learning for this population during the middle to high school years.
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